The native oxide at the surface of III-V nanowires, such as InAs, can be a major source of charge noise and scattering in nanowire-based electronics, particularly for quantum devices operated at low temperatures. Surface passivation provides a means to remove the native oxide and prevent its regrowth. Here, we study the effects of surface passivation and conformal dielectric deposition by measuring electrical conductance through nanowire field effect transistors treated with a variety of surface preparations. By extracting field effect mobility, subthreshold swing, threshold shift with temperature, and the gate hysteresis for each device, we infer the relative effects of the different treatments on the factors influencing transport. It is found that a combination of chemical passivation followed by deposition of an aluminum oxide dielectric shell yields the best results compared to the other treatments, and comparable to untreated nanowires. Finally, it is shown that an entrenched, top-gated device using an optimally treated nanowire can successfully form a stable double quantum dot at low temperatures. The device has excellent electrostatic tunability owing to the conformal dielectric layer and the combination of local top gates and a global back gate.
I. INTRODUCTION
Semiconducting nanowires offer a promising platform for a number of electronic and optoelectronic applications, including quantum information processing devices such as spin qubits [1, 2] , topological qubits [3] [4] [5] , and on-demand single photon generation [6, 7] . In particular, realization of spin qubits with fully-electrical control can be achieved in materials with a strong spin-orbit coupling by confining single electrons in electrostatically defined quantum dots [8] [9] [10] . While prototypical devices have demonstrated the fundamentals of this implementation [1, 2, [11] [12] [13] , further engineering is desirable to improve the reproducibility (less wire to wire variation), the tunability and stability of the electrostatic potential. Fluctuations in the electrostatic potential are largely due to charge traps located at the nanowire surface or in the native oxide layer [14, 15] . Chemical passivation, in which a layer of atoms or molecules is covalently bonded to the semiconductor surface, is one method to prevent the oxide from forming and to passivate surface states. Sulfur atoms and sulfur-functionalized molecules are effective at passivating III-V surfaces [16, 17] , but tend to decay over a few days or weeks in ambient conditions, making them impractical as a permanent solution [18] . Another method to decouple charge noise in planar structures is to bury the active layer under buffer layers such that the surface is well separated from the active region [19, 20] . This idea has been * corresponding author: baugh@iqc.ca applied, with some success, to nanowires by growing an epitaxial shell of a larger band-gap III-V material around the nanowire [21, 22] . However, the complex growth kinetics of the shell and multiple side facets limit the number of materials that will grow uniformly around the nanowire. Alternatively, one could deposit a dielectric shell around the nanowire using a conformal deposition technique such as atomic layer deposition (ALD) or plasma enhanced chemical vapor deposition (PECVD). In addition to protecting the nanowire surface from oxidation, these dielectric layers have the advantage of high breakdown voltage and a high dielectric constant, so that metal gates can be deposited directly onto the shell. This provides excellent capacitive coupling for devices such as transistors and gate-defined quantum dots.
While a dielectric shell appears to be a promising solution to this problem, care must be taken to prepare the nanowire surface prior to deposition of the shell to ensure a low defect interface between the two materials. Growth of the nanowire native oxide prior to deposition of the shell is expected to cause degradation of this interface. Here, we attempt to solve this problem by combining chemical passivation with deposition of a dielectric shell to realize a more stable transistor device. We survey a variety of passivation techniques by fabricating field effect transistors (FETs) using InAs nanowires that have undergone different combinations of chemical passivation and dielectric deposition. Cryogenic transport measurements were performed on each set of FETs to quantify their electronic properties and stability. As a practical test of these surface processing techniques, the most promising set of nanowires were used to fabricate arXiv:1606.01405v2 [cond-mat.mes-hall] 2 Sep 2016 a top-gated nanowire transistor, in which an electrostatically defined double quantum dot was successfully realized.
II. EXPERIMENTAL DETAILS
Undoped InAs nanowires were grown by vapor-liquidsolid growth from gold seed particles in a gas source molecular beam expitaxy (MBE) system. The GaAs (111)B growth substrate was prepared by depositing a 1 nm thick Au film, and then heating it in situ in the MBE to form nanoparticles. For nanowire growth, In atoms were supplied as monomers from an effusion cell, and As 2 dimers were supplied from an AsH 3 gas cracker operating at 950
• C. Nanowire growth was carried out at a substrate temperature of 420
• C, an In impingement rate of 0.5 µm/hr, and a V/III flux ratio of 4. Nanowires typically had a diameter of ∼ 20 -80 nm that was roughly equal to the Au nanoparticle diameter at the top of each nanowire, indicating negligible sidewall deposition. Transmission electron microscopy has shown these nanowires to have minimal stacking faults and a wurtzite crystalline structure [23] . Suppression of stacking faults was achieved by growing nanowires at a low growth rate of ∼ 0.5 µm/hr [24] .
Chemical passivation and deposition of the dielectric shell were performed on the nanowires while still on the growth substrate, so that all facets of the nanowire were exposed equally. Three surface treatments were implemented: a hydrofluoric acid (HF) dip, octadecanethiol (ODT) passivation [25] [26] [27] , and thermal oxide (ThO) growth. In addition to performing each process individually, sequential implementations were carried out. In all cases, the time between subsequent surface treatments and the time prior to deposition of the dielectric was minimized to suppress native oxide regrowth; the average time between the end of treatment and reaching a high vacuum environment in the dielectric deposition chamber was ∼ 3 − 4 minutes.
The HF dip was a 5 second dip in a buffered oxide etchant (BOE) consisting of a 10:1 mixture of NH 4 F and HF. Following etching, the substrate was rinsed for 2 minutes in deionized water. The purpose of the HF etch was to remove the native oxide from the nanowire surface. Of course, without a subsequent passivation step, the oxide will quickly regrow when the nanowires are exposed to air. Hence, the HF dip served mostly as a cleaning step prior to other steps. The molecule ODT was used to passivate the nanowire surface since it consists of a long carbon chain connected to a thiol group which readily bonds to InAs. Under appropriate conditions, these molecules will form a self-assembled monolayer on the nanowire surface, passivating it and preventing oxidation for days or weeks [25] [26] [27] . The deposition of the self assembled monolayer was achieved by placing the nanowire substrate in a 5 mmol/L solution of ODT in isopropyl alcohol (IPA). Once in solution, the container was sealed with Parafilm and heated to 60 • C for 1 hour. Following the deposition, the substrate was rinsed for 30 seconds in clean, room temperature isopropyl alcohol (IPA), and then dried with nitrogen. The effectiveness of this method was confirmed by performing contact angle measurements (using a drop of deionized water) on planar InAs substrates. Samples treated with ODT showed a contact angle of 105 degrees, substantially larger than the contact angle of 55 degrees measured on untreated pieces. The increase in contact angle shows that a hydrophobic surface was created, consistent with a well-formed ODT layer.
Growth of a thermal oxide was carried out in a rapid thermal annealing system with the growth substrate seated in a graphite susceptor. The oxidation process consisted of a 30 second ramp to 300
• C in nitrogen, followed by a 2 minute period at 300
• C in 5 slpm of oxygen, and finally a 5 min ramp down to room temperature, again in nitrogen. The process was calibrated by oxide growth and measurement on a bulk InAs substrate to grow an oxide ∼ 2 nm thick. Following the thermal oxidation process, a representative nanowire was inspected with TEM and showed a uniform oxide with a thickness of 1.8 nm. The motivation for testing this process was to grow a denser, more uniform oxide compared to the native oxide, to possibly reduce the densities of defects and charge traps. Such a thermal oxide has been reported to improve mobilities in nanoribbons [28] .
Two different dielectric layers were studied in this work: SiN x deposited by PECVD and Al 2 O 3 deposited by ALD. Both deposition systems were connected to a load lock, allowing the growth substrates to be quickly placed in vacuum, minimizing oxide growth prior to the deposition. The PECVD was carried out at 330
• C in 30 sccm of silane and 900 sccm of nitrogen. A 20 nm thick layer of SiN x was grown by applying 40 W RF plasma for 65 seconds. ALD took place at 300
• C using a trimethyl aluminum precursor and a pulsed 300 W RF plasma. Each deposition cycle grows 1Å of material, and was carried out for 200 cycles to produce a 20 nm thick film. Following deposition, the substrates were removed from the system and cooled to room temperature prior to further device processing. A TEM image of a nanowire treated with HF, ODT, and covered in an Al 2 O 3 shell is shown in figure 1a . The amorphous Al 2 O 3 shell has a thickness of ∼ 20 nm as expected, and is clearly distinct from the crystalline InAs core.
Once all desired surface treatments and depositions were performed on a set of nanowires, they were transferred to device substrates by dry deposition. Device substrates consisted of a 300 nm thick layer of thermally grown SiO 2 on degenerately doped Si. Deposited nanowires were located relative to pre-patterned align-ment markers using SEM, and source drain contacts were written in PMMA resist using electron beam lithography. Patterns were designed to produce contacts that were 1 µm wide with channel lengths of either 500 nm or 1 µm. After pattern development, the devices were etched in buffered oxide etchant (BOE) to remove the shell material in the contact area and ensure ohmic contacts. The duration of the BOE step was dependent on the shell material: nanowires with no shell were etched for 5 seconds, those with an Al 2 O 3 shell for 20 seconds, and those with a SiN x shell for 30 seconds. The etch times were chosen to be 20% longer than the time necessary to remove the same thickness of dielectric from a planar substrate. This helped ensure that the shell was removed from all sides of the nanowire, and had little effect on the nanowire itself, since InAs shows negligible etching in HF. Following the contact etching, the devices were rinsed in deionized water and transferred to a metal evaporation system in less than 3 minutes from leaving the etching solution (pump down time ∼ 8 minutes). To remove any oxide that formed during the interim, the devices were exposed to a gentle Ar ion plasma for 10 minutes immediately prior to deposition of 30/50 nm of Ti/Au. We find this ion milling to be crucial to achieving reproducible ohmic contacts. An SEM image of a typical nanowire FET is shown in figure 1b.
Current-voltage (I-V) measurement of the FETs was carried out in a pumped liquid helium cryostat with a variable temperature controller, allowing temperatures ranging from room temperature to a base of ∼ 1.5 K. DC electrical characterization was performed in a two-probe configuration using a home-built voltage source and DL Instruments current-voltage preamplifier. FET conductance was modulated by applying a voltage to the degenerately doped silicon substrate that acted as a global back-gate.
III. RESULTS
A typical transconductance curve of a FET measured at 20 K is shown in figure 1c (bias voltage = 1 mV). The conductance generally increases with applied gate voltage, but shows a few dips which are absent at higher temperatures and are likely due to electron-electron Coulomb interactions and weak localization of charge. To characterize the nanowire channels, field effect mobility was estimated from the transconductance data using the formula [23] :
where L is the channel length, G is conductance, and V g is the gate voltage. The gate capacitance, C g , is estimated using a finite element model (COMSOL HF denotes hydrofluoric acid, ODT denotes octadecanthiol, and ThO denotes thermal oxide. The details of each process are described in the main text. Each data point corresponds to the field effect mobility averaged over all devices within a particular surface treatment set, and the number above or below the point indicates the total number of devices in each set. Devices are segregated along the x-axis by their dielectric shell, and the processes prior to shell deposition are indicated by corresponding symbols. Error bars reflect the standard error of the mobility values in each set.
Multiphysics) of the nanowire FET geometry to include the effects of contact screening. If the contact screening is not taken into account, mobility values for shorter channel FETs are found to be significantly lower than those of similar long channel devices. When contact screening is included, the mobility spread between different channel lengths is effectively removed, allowing for a fair comparison between different FET geometries. The effect of the dielectric shell is neglected in these calculations, as our simulations show it only changes the total gate capacitance by ≤ 3%. Prior to taking the derivative of the conductance, the data was smoothed using a Gaussian moving average with a standard deviation of 10 mV. Since the calculated mobility varies as a function of gate voltage, the highest extracted value is taken as an estimate of the intrinsic mobility. The inset in figure 1c shows conductance near pinch off, where a red line has been fit to the section of the curve with the highest slope, and thus the peak mobility. For this particular device, the peak mobility occurs just above the threshold voltage, but in other devices this is not always the case. This measurement was performed at 20 K, since previous studies have shown that mobility increases at low temperatures, but below 20 K we find that mesoscopic conductance effects become prominent and lead to inaccurate mobility estimates.
At low temperature, it has been suggested that mobility in fault-free InAs nanowires is dominated by ionized impurity scattering from surface sites [23] or surface roughness [29] . A lower value of mobility at 20 K should therefore indicate stronger surface scattering of free electrons. Comparing the mobility estimates across surface processes can therefore give some insight into how each process affects the nanowire surface and/or surface states. Figure 1d shows the average peak mobility across several devices for each process; each point corresponds to a different combination of surface processing steps. FETs are separated along the x-axis by the dielectric shell material, and the symbol for each point denotes the chemical passivation that was carried out prior to shell deposition. One noticeable trend is a decrease in mobility when a dielectric shell is added to the bare nanowire (black circles). This could be due to the formation of defects at the interface between the nanowire's native oxide and the dielectric material. Focusing on nanowires that underwent ODT passivation with no dielectric shell added, we do not see sizeable increases in mobility, as one might expect from removing the native oxide. This could indicate that the ODT layer is ineffective at removing the sources of scattering, the ODT monolayer was incomplete or ill-formed, or it is short-lived such that it decays over the few days between fabrication and measurement. The nanowires with a dielectric shell can provide some insight, since the shell should encase the nanowire and prevent further changes to the nanowire surface. Interestingly, an increase in mobility is generally observed when a surface treatment is performed on the nanowire prior to deposition of the shell. These mobilities never exceed that of the unprocessed bare wires, but are somewhat better than those obtained when depositing dielectric on an unprocessed nanowire.
Further understanding of the nanowire/dielectric interface can be gained by looking at the subthreshold swing. The subthreshold swing is a measure of the change in gate voltage needed to drop the current in a transistor by one decade in the region below the threshold voltage. This part of the conductance curve is highlighted in green in the inset of figure 1c. Subthreshold swing was estimated using the formula: SS = (dlog(I)/dV g ) −1 . Figure  2a shows the value of subthreshold swing as a function of temperature for one device. Above 20 K, the subthreshold swing increases roughly linearly as a function of temperature, as predicted by the following equation [30] :
where k B is the Boltzmann constant, T is temperature, q is the electron charge, and C t is the capacitance due to interface traps and should be proportional to the density of these traps. The change in subthreshold swing versus temperature can be used as a measure of the relative density of interface traps. The solid line in figure 2a shows the fit of equation 2 to the experimental data. The disagreement below 20 K is likely due to localization and Coulomb blockade effects, which dominate the device conductance at low temperatures and lead to deviations from expected subthreshold swing behavior.
To compare the temperature dependence of the subthreshold swing across different processes, the value of dSS/dT = (1 + C t /C g ) is extracted for each device, and the average for each process is plotted in figure 2b . Higher values in this plot correspond to larger values of C t , which suggest a larger density of interface traps. The value of dSS/dT for the different processes follows similar trends to the mobility data shown in figure  1d . Most notably, when a dielectric shell is added to a bare nanowire, the density of interface traps increases dramatically. However, by passivating the nanowire surface prior to the dielectric deposition, the density of interface traps can be made comparable to the value seen in wires with no dielectric shell. When looking at dSS/dT for nanowires with no dielectric shell, the unprocessed devices have the lowest value, followed by the thermal oxide devices. This suggests that the surface processing, particularly HF and ODT treatments, lead to an increase in the density of interface traps. On the other hand, these same processes appear to be essential in reducing the trap densities when the dielectric shell is added.
The threshold voltage versus temperature is shown for one device in figure 2c. Threshold voltage is found to decrease roughly linearly as temperature is increased. This is ascribed to thermal activation of donor-like surface states in the nanowire [31] . As temperature increases and more donor-like states become ionized, a more negative gate voltage is required to deplete the nanowire of carriers. The slope of the threshold voltage versus temperature can therefore be used as a rough indication of the surface density of donor-like states. This value is measured by fitting the temperature dependence of the threshold voltage to a linear fit as shown by the solid line in figure 2c. The slopes of these lines are averaged across each process and plotted in figure  2d . Here, the nanowires with no dielectric shell show a similar value of dV T /dT independent of the surface process. When a dielectric shell is added the values of dV T /dT are more spread out with no obvious trend apparent. The exception to this is the nanowires treated with only HF prior to the dielectric deposition, which have a much larger value of dV T /dT . This suggests that the HF etch modifies the surface chemistry leaving an increased density of donor-like states, and may be related to hydrogen passivation.
The density of charge traps in the FET channel can also be estimated by looking at hysteresis of the conductance curve when sweeping the gate voltage in different directions. This hysteresis is due to the gate voltage modulating the occupation of charge traps [15, 31] . Figure 3b shows the hysteresis in FET conductance measured at 1.4 K with a gate voltage sweep rate of 90 mV/s. The inset shows a portion of the conductance curve, where the gate voltage shift ∆V is indicated. The shift is expected to be towards more positive gate voltages when first sweep is up (to positive voltages) and the second sweep is down. This is because just prior to the sweep down, the gate voltage is very positive which fills traps with electrons, and these electrons contribute to an increased negative potential. A more positive gate voltage is then required to cancel out this potential, shifting the conductance curve to more positive values. Figure 3 shows that the data agrees with this expectation.
The magnitude of the relative gate voltage shift between the sweep up and sweep down curve, ∆V , is an indicator of the density of charge traps. Note that charge traps are not necessarily in the nanowire or its surface, but could be in the dielectric shell or SiO 2 substrate, as long as they are close enough to affect the electrostatic potential in the nanowire and thus its conductance. The average gate voltage shifts measured at a temperature of 1.4 K for the different surface processes are shown in figure 3b . Interestingly, it appears that SiN x has a higher density of traps than either Al 2 O 3 or no dielectric. While the surface passivation techniques may slightly lower the trap density for the nanowires with SiN x , it is still much higher than in the other devices. This suggests that the SiN x itself likely contains a high density of traps. Conversely, there is not much difference between gate voltage shifts seen in the nanowires with Al 2 O 3 and no dielectric shell, indicating that the Al 2 O 3 shell is not a major source of charge traps. In all cases, the ODT appears to reduce the trap density. Among the devices treated with ODT, those with no dielectric shell and with Al 2 O 3 shell show less hysteresis than untreated nanowires, indicating that ODT could be removing traps at the nanowire surface.
To test the viability of using these nanowires for realizing quantum devices, FETs were fabricated with local top gates which could be used to form an electrostatically defined double quantum dot. Nanowires treated with a combination of ODT and Al 2 O 3 were used for this test, since the results presented above suggested that they showed the best overall characteristics among those devices with a dielectric shell. A schematic of a 5-gated device is shown in figure 4a . In this case, a thinner dielectric shell of only 8 nm was used to increase the capacitive coupling between the nanowire and the local top gates. Nanowires were deposited onto substrates that had been pre-patterned with a series of parallel trenches with a width of 70 nm and a depth of 60 nm, made by reactive ion etching of the SiO 2 substrate. Sonicating the substrates for 10 s in acetone following the nanowire deposition increased the number of nanowires in trenches, and simultaneously removed many nanowires not located in trenches (the latter is helpful to prevent stray nanowires from causing breaks or other problems with metal traces connecting the device to bonding pads). Entrenched nanowires were patterned in two electron beam lithography steps to create ohmic source/drain contacts and capacitively coupled top gates, both using Ti/Au metal stacks. Ohmic contacts were made the same way as the previous FETs, using a short BOE dip to remove the dielectric shell. An SEM image of a completed top-gated nanowire FET is shown in figure 4b.
Our motivations for using the trench geometry are fourfold: (1) the flatter height profile of the top side of the nanowire with respect to the substrate allows for partial wrap-around gating while maintaining relatively fine widths and pitches (here we achieved 40 nm width and 80 nm pitch). In contrast, we find it impossible to achieve a similar width and pitch when the nanowire is not entrenched, due to a less favourable resist profile during the lithography step. (2) Gating is possible from both top and bottom of the nanowire, in particular we have a global back gate acting from the bottom. This allows for tuning the carrier density to a desired value before using the top gates in depletion mode to form barriers and dots, which in turn allows us to even use nanowires that are normally pinched off at zero back gate voltage. Also, the fact that the nanowire is surrounded on three sides by SiO 2 increases the efficiency of the back gate. (3) The nanowire orientation is predefined by the trench alignment, which is very useful when aligning the device to a magnetic field, for example. (4) As mentioned above, sonication allows for the number of stray nanowires not in trenches to be reduced, which is helpful for the device processing. Potential disadvantages of this geometry include a reduced effective surface area for Ohmic contacting, and the possibility for charge noise due to defects in the etched SiO 2 sidewalls, however neither appears to be serious in the experimental results we present below.
The general strategy for tuning a double quantum dot was to increase the carrier concentration in the nanowire by applying a positive back gate voltage, followed by local depletion due to negative voltages applied to the fine gates to form tunnel barriers. The ability to change the nanowire potential using the global back gate is an important advantage this geometry has over devices which have only local bottom gates [2, [11] [12] [13] , giving better overall electrostatic control. Gates 1, 3 and 5 are used to create a double-well potential. Figure 4c shows the current measured through a device as a function of the voltages on gates 1 and 5, at a lattice temperature of 25 mK and source-drain bias of 2 mV. This shows the characteristic bias triangles and honeycomb structure of a double quantum dot, which can be fit to a simple capacitive model [32] . The model fit is indicated by the white dashed line, and from it we extract dot charging energies of 4.5 meV and 4.2 meV. Ideally one would use gates 2 and 4 as plunger gates to control the electron number in each dot, however in this particular device, those gates were weakly coupled to the nanowire due to a defect in the lithography. The lever arm relating gate 1 to its adjacent dot, and gate 5 to its adjacent dot, are 0.31 and 0.46, respectively, indicating very good capacitive coupling. The high dielectric constant of the Al 2 O 3 combined with the partial wrap-around geometry of the gates allows the double quantum dot to be easily formed and tuned with absolute local gate voltages well below 1 V (however in this example, the back gate voltage was +6 V). The data shown in figure 4c was acquired over a time scale of hours, and shows almost no charge noise, reinforcing the results of the FET measurements which suggested this surface treatment would minimize the number of charge traps. Overall, this device geometry along with the ODT and Al 2 O 3 surface processing provide a promising pathway for future mesoscopic devices.
IV. DISCUSSION
Nanowires treated with HF, ODT, and Al 2 O 3 were selected as the most promising candidates for realizing electrostatic quantum dots since they showed a consistently lower density of charge traps than nanowires treated with other surface processes.
Despite this favorable charge noise behavior, these nanowires had a lower mobility than most other nanowires that were investigated. One possible explanation for this trend is that mobility is likely dominated by scattering from static scattering sites such as ionized impurities at the surface [23] , or surface roughness [29] . Importantly, the state of these scatterers need not change with time to affect the mobility, it only matters that they are fixed near the conduction channel to act as scattering sites. This is unlike the dynamic behavior governing the other parameters studied here, where the occupation of charge traps must change to cause the observed effect. For example, gate voltage hysteresis requires traps to change from filled to emptied in order to shift the conductance curve. This suggests that while the HF, ODT, and Al 2 O 3 combination is effective at removing defects which can act as dynamic charge traps, it may induce more static defects which can lead to lower mobility. While the removal of charge noise was deemed more important for realizing electrostatic quantum dot devices, other applications may favor a high mobility and would benefit more from one of the other surface treatments. Our results while limited, suggest that the thermal oxide may improve mobility, similar to previous findings on InAs nanoribbons. [28] One of the motivations for using the dielectric shell was to encase the nanowire so that its electrical properties would remain constant over time and when exposed to ambient conditions. However, we observe that most devices still experience noticeable shifts in threshold voltage after extended periods in a nitrogen atmosphere or air, and this is typically reversible after pumping to a vacuum of ∼ 0.1 mTorr for several hours. One possible explanation for this is that during the short HF (BOE) etch prior to Ohmic contacting, some lateral etching occurs so that a section of the nanowire channel adjacent to the contacts has its shell removed or partially etched, as shown near the lower contact in figure 1b . This bare region of the channel would be most sensitive to molecular adsorbates. It is also possible that adsorbed molecules on the shell surface transfer charge that affects the nanowire surface potential, however this seems an unlikely mechanism to yield an effect as strong as what is observed. We are exploring alternate techniques for removing the dielectric in the Ohmic regions to prevent this lateral removal of the shell.
The molecule chosen for chemical passivation of the nanowire surface was ODT, since it can provide one of the most stable self assembled monolayers on III-V materials. However, it can also be difficult to form a perfect monolayer at the surface, and some reports highlight the necessity of removing all oxygen from the system to achieve ideal passivation [26] . Therefore, it may be more practical to use an ammonium polysulfide process [17, 18] to passivate the surface with S atoms. While this S passivation does not last as long as ODT in ambient conditions, it is stable enough to prevent oxidation during a quick transfer to a dielectric deposition chamber, and is a simpler and potentially more reliable process than ODT passivation. While we observed the ODT step to improve the properties of nanowires that had a subsequent dielectric shell, we did not see noticeable improvements (e.g. in mobility) for nanowires with ODT only as compared to unprocessed nanowires. It would be interesting to see if replacing the ODT step with ammonium polysulfide has a noticeable effect on devices with or without a dielectric shell.
V. CONCLUSION
The effects of surface passivation and conformal dielectric deposition on the low temperature electronic properties of InAs nanowire FETs were investigated. It was found that deposition of a dielectric shell on unpassivated nanowires tended to degrade electronic performance, as quantified by mobility, threshold versus temperature, subthreshold swing and gate hysteresis. Al 2 O 3 , deposited by an ALD process, was found to be superior to PECVD SiN x . Interestingly, chemical surface passivation prior to dielectric deposition was found to improve electronic performance, in particular nanowires treated with ODT followed by Al 2 O 3 were found to have characteristics similar to unprocessed nanowires. This allows us to maintain the desired intrinsic properties of the nanowire, while encasing it in a conformal insulating high-k dielectric. The addition of this shell facilitated a novel entrenched top-gated device geometry which was used to demonstrate a stable, gate-defined double quantum dot. The dielectric shell improves gate control of the electrostatic potential in the nanowire, evidenced by the strong capacitive coupling between local gates and their adjacent dots. The ability to improve electrostatic control while maintaining intrinsic nanowire transport properties improves the viability of these nanowires as a platform for quantum device applications such as spin and topological qubits.
